Stationary points on the S ✵ potential energy surface in aqueous solution were optimized using Møller-Plesset second-order perturbation theory (MP2). [1] This method has been demonstrated to be sufficiently accurate for modeling the non-covalent aurophilic interaction, [2, 3] which is responsible for the formation of oligomers in the S ✵ state. By contrast, excited-state gold oligomers contain predominantly covalent Au-Au metal bonds. Density functional theory (DFT) does not treat the aurophilic interaction well, [4] but should be suitable for describing covalent bonding in the excited states. Hence, we employed conventional DFT [5] and linear-response timedependent DFT (TD-DFT) [6] with the range-separated CAM-B3LYP exchange-correlation functional [7-10] to optimize the stationary points on the T ✶ and S ✶ excited-state energy surfaces. In all optimizations, the polarizable continuum model (PCM) [11, 12] was adopted to implicitly account for solvent effects. Scalar relativistic effects were included for Au by means of the Cowan-Griffin-adjusted shape-consistent small-core pseudopotential (PP) of Hay and Wadt [13], and the corresponding improved valence basis set LANLTZf [14] was applied. C and N were treated at the (non-relativistic) all-electron level using the 6-31G* basis set [15]. This combination of Au PP and basis sets has previously been shown to perform well for dicyanoaurate oligomers [Au(CN) ✷ ] ♥ . [16] Multi-state (MS) complete-active-space second-order perturbation theory (CASPT2) [17] was employed to refine the single-point energies for all optimized structures. In the MS-CASPT2 calculations, three [two] roots with equal weights were used for singlets [triplets]. The Cholesky decomposition [18] and the imaginary shift technique (0.3 a.u.) [19] were applied. To account for solvent effects, the conductor-like version of the polarizable continuum model (PCM) [11, 12] was also used in the MS-CASPT2 calculations, with an average area for the surface elements of the cavity boundary of 0.2 ➴ ✷ for the dimer and 0.4 ➴ ✷ for the other oligomers. Au was described by the relativistic small-core PP of Hay and Wadt together with the original LANL2DZ valence basis set.
using a stepsize of 1.000 sqrt(amu)*bohr, the Bulirsch-Stoer method, and a fifth-order polynomial fitting correction scheme. The translational and rotational motions were projected out in each propagation step.
All MP2, DFT(CAM-B3LYP), and TD-DFT(CAM-B3LYP) calculations employed the GAUSSIAN09 package; [29] all MS-CASPT2 calculations were performed with the MOLCAS7.6 package; [30, 31] all RI-CC2, RI-ADC(2), and RI-MP2 calculations were done with the TURBOMOLE6.3 package. [32] 2 Eclipsed-Staggered Potential Energy Profile in the S ✵
State
The eclipsed conformation of the [Au(CN)
dimer is not a minimum in the S ★ state, but lies only ca. 4 kcal/mol higher than the staggered conformation at the MP2/PCM level (see Fig. 1 ). Thus, in rigid surroundings such as in crystals and certain aggregates, the eclipsed structure may become a minimum.
[33] The two conformers are depicted in Fig. 2 .
DFT and TDDFT Performance
DFT was not used for ground-state optimizations because of its inadequate description of the non-covalent Au-Au aurophilic interaction. [4] DFT(CAM-B3LYP) and TD-DFT(CAM-B3LYP) were applied for the calculation of the T ✶ and S ✶ excited states, where the Au-Au metal bonding is predominantly covalent. These DFT methods can be combined with the state-specific PCM model to treat solvent effects in an implicit manner. In the ground state, the dicyanoaurate dimer is held together by the rather weak noncovalent aurophilic interaction (ca. 0.1 eV), which is comparable in strength to other weak noncovalent interactions, such as the dispersion interaction between neighboring cyano groups and the interactions with the solvent. Accordingly, the optimized Au...Au distance of the staggered dimer in the S ✵ state is sensitive to the chosen ab initio electronic structure method (see Table 1 ) and to solvent effects (decrease of the MP2 value by 0.16 Å when going from the gas phase to aqueous solution). By contrast, the predominantly covalent Au-Au bond in the excited states is less sensitive (see e.g. the almost identical CAM-B3LYP distance in the gas phase and in aqueous solution).
Comparison of the results for different basis sets shows that our chosen LANL2TZf ECP basis set gives Au-Au bond lengths that are very close to those obtained with larger basis sets (see Table 2 ).
In summary, the chosen methods (MP2/PCM for S ✵ , CAM-B3LYP/PCM for T ✶ , and TD-CAM-B3LYP/PCM for S ✶ ) are found to be reasonably accurate overall, and thus suitable to describe the structures of dicyanoaurate oligomers in the ground and excited states.
Spectroscopic Data
To clarify the spectral assignments, we calculated at the MS-CASPT2/PCM and TD-CAM-B3LYP/PCM level the transition energies for the absorption, fluorescence, and phosphorescence spectra of [Au(CN)
. Table 3 collects the relevant results.
The absorption spectrum of dicyanoaurate in solution exhibits an increasing red shift with increasing solute concentration. [2] In dilute solution (i.e. 1.0☎10 ✷ M), the absorption spectrum shows a low-energy band in the ❡ RI-MP2 calculations using TURBOMOLE6.4. ❜ WB-adjusted small-core PP and def2-TZVPPD basis set for Au [27, 36] ❝ CG-adjusted small-core PP and LANL2DZ basis set for Au [13] ❞ CG-adjusted small-core PP and LANL2TZf for Au [14] 250 The emission spectra are more complicated because of the mixing of fluorescence and phosphorescence.
Patterson et al. observed 5 emission bands (I, II, III, IV, and V) by varying the concentration, excitation wavelength, solvent, and temperature (see Figure 9 and Table 4 in their work [3] ). Band I at 275-285 nm was assumed to come from dimer emission, but the character of the emitting state remained unclear. Our results indicate that this band should correspond to fluorescence from both dimer species (staggered at 274 nm and eclipsed at 289 nm). The experimental measurement for this emission was monitored using the 250 nm excitation wavelength, which concides with the absorption maximum computed for the staggered dimer structure (250 nm, see Table   3 ). Band II at 320-350 nm was assigned only to the trimer; [3] according to our calculations, both fluorescence ❝ staggered linear structure. from the staggered linear trimer (329 nm) and phosphorescence from both dimer species (staggered at 323 nm and eclipsed at 324 nm), as well as fluorescence from the staggered linear trimer (330 nm), can contribute to this band II. The interpretation of band III at 380-390 nm is straightforward as it relates only to phosphorescence emission from the trimer. Band IV at 420-440 nm may be ascribed to phosphorescence from the staggered linear tetramer (430 nm), while band V at 455-470 nm possibly correlates with phosphorescence from the staggered linear pentamer (449 nm).
Excimer and Exciplex Analysis
The term excimer was introduced by Stevens and Hutton [37] in the 1960s and was later redefined by Birks as "a dimer which is associated in an excited electronic state and which is dissociative (i.e. would dissociate in the absence of external restraints) in its ground electronic state." [38, 39] (see Figure 1 in the main paper). Analysis of the relevant orbitals (see Fig. 3 ) supports exciplex formation with strong coupling.
In the tetramer and pentamer, however, the middle Au-Au bonds become significantly shorter than those on the two sides. More interestingly, the terminal Au-Au bonds in the staggered pentamer are of similar length in the S ✵ , T ✶ , and S ✶ states, and it is only the middle two bonds that are shortened in the excited states.
Therefore, in comparison with the trimer, the tetramer and pentamer look more "like" an exciplex with some ground-state features, since the excited-state Au-Au bond shortening is spatially local. In the excited states of the dicyanoaurate oligomers, the strong coupling regime thus does not extend beyond two neighboring Au-Au bonds. Fig. 4 and Fig. 5 show the relevant orbitals of the tetramer and the pentamer, respectively. 
